Vortices (magnetic flux quanta) in the superconducting networks perforated with anti-dots (holes) arrays behave as electrons in atomic lattice of crystals. Repulsive and attractive interaction among vortices and anti-dots resemble to those among electrons and atoms in crystals. To confirm the variety of the vortex physics similar to the solid state physics, we have fabricated such superconducting networks with antidots array in metallic, inter-metallic and high-T superconductors (HTSCs), and have measured magnetoresistance of vortex-flow. In these materials, we have observed integer-matching at the matching fields and fractional-matching effect between them. Most of them are well explained by commensurability between Abrikosov vortex lattice and anti-dots array. Furthermore, the effect of the anti-dots array in HTSCs appears as another kind of phase transitions instead of to the first-order melting transition of vortex lattice in pristine samples. 
Introduction
Recent progress of the fabrication techniques into nanosize samples enables us to study superconductivity in nano-size superconductors.
Photo-, electron beamlithography, and focused ion beam (FIB) milling are compromising methods for fabricating nano-size superconductors from bulk or thin film samples. Small size (submicronto nano-size) superconductors can be obtained also by electrochemical deposition. To make the size of superconductors narrower and narrower, with decreasing di- * E-mail: HIRATA.Kazuto@nims.go.jp mensionality, it is anticipated that competition between the superconducting coherence length and the sample size will occur. Theoretical proposals have been made about half a century ago [1] [2] [3] . They proposed that, reducing the dimensionality, superconducting phase slip may happen by thermal fluctuations, which was confirmed by the experiment with submicron size samples [4] . Recently, Bezryadin et al. [5] have obtained experimental results of quantum suppression in superconductivity, and Lau et al. [6] have measured nano-size samples with changing the cross-sectional area and have obtained the results of thermally-activated phase slip and quantum phase slip. To make the superconductors narrower and narrower, it may suppress the superconductivity or sometimes creates new phenomena (macroscopic quantum tunneling, for ex-ample). Changing the size of superconductors from nanoto meso-scopic size, several interesting phenomena have been observed. Non-integer magnetic flux carrying has been observed in Al thin film disks [7] . Formation of giant vortex state has been observed [8] .
On the other hand, fabrication of depositing nano-size magnetic dots or of nano-size anti-dots (holes) on the superconductors is also possible, which can be used to study for controlling dynamics of vortices, for example, matching effect of vortices in a magnetic field [9] [10] [11] [12] and electronic properties in superconductors with anti-dots array [13] [14] [15] . In most of the experiments on the vortex physics in superconducting films/crystals with an anti-dots array, the vortices were considered as classical point defects with the pinning. However, the vortices are in fact extended objects which interact as a many-body problem with the geometry of the underlying anti-dots lattice. This opens up the possibility for geometry and/or pinning strength (of the anti-dots lattice) induced novel vortex phenomena such as vortex merging, symmetry induced creation of vortex-antivortex configurations, coupling, rearrangement, etc, bringing into forefront the importance of interstitial vortices among the anti-dots also. Here we present the results of our investigations on the interplay between the vortices and the geometry of the underlying nanoengineered anti-dots lattice in NbN and Bi 2 Sr 2 CaCu 2 O (Bi-2212) thin films.
The effect of the anti-dots array into high-T superconductors (HTSCs) is also one of the interesting subjects. In HTSCs, the first-order transition of vortex lattice melting (FOT-VLM) has been found [16] . This has been observed in relatively clean samples, which have intrinsically pinning centers caused by defects (imperfections of crystals; impurities, crystalline defects, etc). Then, VLM occurs at relatively higher temperatures below T , because, at lower temperatures, the pinning strength becomes stronger and the VLM is mediated from the FOT to the second order or sometimes disappears. Introducing the anti-dots array into HTSCs, it is interesting to investigate how the FOT-VLM will be changed, as the competition might be occurred between the vortex lattice and anti-dots array. We present here the experimental results on Bi-2212 thin films with a triangular or square array of anti-dots, and will show the integer-and fractional-matching effect with an interplay of interstitial vortices, and show broad and steep steps at the superconducting transition in Bi-2212 depending on the magnetic field, in addition to the fractional matching effect [17] . 
Experimental
NbN films were prepared on a Si substrate [18, 19] . Initially, 60 nm thick films were deposited by sputtering. A typical probe pattern, shown in the scanning electron microscope (SEM) image of Fig. 1 (a) , was made via photolithography followed by ion beam etching for a four-probe measurement with region between the voltage probes with typically being 40 µm ×40 µm, corresponding to the inset of Fig. 1 (a) indicated by arrow, which has a triangular array with a diameter of 170 nm and a pitch between the anti-dots of 400 nm. The etching was performed at a typical etching rate of 0.5 nm/sec in Argon plasma [19] . Under these etching conditions, there was essentially no damage to the NbN films. In these 40 µm × 40 µm wide available regions ( Fig. 1 (a) ), anti-dots array networks were patterned using the FIB milling technique utilizing an aperture of 50 µm and a typical ion-beam current of 13 pA. The transport measurements were carried out with the conventional four-probe technique using a homemade insert which goes into the Quantum Design SQUID system MPMS XL. The data acquisition was made with the external device control option to operate the Keithley 6430 sub-femtoamp remote source-meter and the Keithley 2182A nano-voltmeter. An additional temperature sensor was placed very close to the sample in the insert to be read with a Cryocon 62 AC resistance bridge. High-quality single-crystals were grown by the travelingsolvent floating zone technique [20] . Thin single-crystal films with submicron thickness were prepared through repeating cleave by adhesive tapes, which is the characteristic of Bi-2212 to easily cleaved in the -plane. Thin films of Bi-2212 about 300 nm is necessary for getting the through-holes in FIB milling fabrication. After thinning the crystals sufficiently, the thin crystals were fixed with poly-imide on the surface of MgO substrate, and thin Au layer (20 nm) was deposited on the surface as electrodes. The films with thin Au layer were patterned for four-terminals electric resistance measurements using a photo-lithography and an Ar-ion milling processes. Triangular or square array of anti-dots was fabricated by FIB milling using Micrion JFIB-2100 to the bridge part of films between the voltage electrodes. Figure 1 (b) shows a scanning ion beam (SIB) image of the anti-dots part with 1 µm pitch of aquare array and the inset of Fig. 1 (b) shows a schematic drawing of the Bi-2212 sample with anti-dots array. The superconducting transition temperature T of the sample determined from zero resistance with a current of 10 µA was 89.0 K before the fabrication. After the fabrication, T decreases about 2K, but the sharpness of superconducting transition is unchanged. In the measurements, the magnetic field was always applied perpendicular to the -plane.
In these samples, an effective diameter of the anti-dots is crucial for discussing pinning/accommodation of vortices to the anti-dots and hence vortex-flow. A damage to the film is mainly caused by the FIB milling process, which is estimated about 30 nm from the edge of the anti-dot holes. In the discussion below, the measured values from SEM and SIB images were used. Although the surface of the sample is also damaged by the FIB milling and an intentional drawing on the surface by FIB causes strong pinning, in this experiment described here, the milling was made only on the anti-dots sites, and there is little damage on the surface as we used a very low current of ion beam when we observed the SIB image.
Results and discussion
As the vortex flow-resistance measurements in Nb film with a regular array of anti-dots have been well made and studied [9, 10] , here we present on the experimental results on NbN film, which has a relatively higher T in metallic and inter-metallic superconductors and has no reports in measuring the vortex matching effect to the anti-dots array. Figures 2 (a) and (b) show the typical results of the flow-resistance versus reduced magnetic field (=H/H 1 , H 1 is the matching field to the array of antidots) measured on the sample shown in Fig. 1 (a) with changing a drive current I =10-100 µA at the reduced temperature =0.937 ( =T /T ) and with changing a reduced temperature from 0.931 to 0.943 with the current I =100 µA, respectively. In Fig. 2 (a) , dip structures are clearly seen at integer number of the reduced matching field up to 8th. This can be observed also in the sample of the square anti-dots array [19] . The maximum number of vortices captured by one anti-dot with a diameter is given by the saturation number such that, = /2ξ( ) [21] , where ξ( ) is the coherence length at the reduced temperature (=T /T ) given by ξ( )=ξ(0)/(1-) 1/2 , with being the zero temperature coherence length about 5 nm. In this anti-dots arrays, lies in the range 3.05-2.90 for in the range of 0.925-0.923, which is far from the matching periods. So, the multi-vortex states do not seem to exist in the observations. Instead of that, it may be understood in the super-matching flux-line lattices model formed by a reorganization of vortices that enter the interstitial sites at the fields larger than H 1 [22] [23] [24] .
To confirm the model, we have fabricated a hexagonal lattice of anti-dots, missing the center anti-dots, as shown in the inset of Fig. 3 . In this case, we can observe the integer matching effect up to the saturation number 3. However, above the 3rd matching, the dip structure changes to enhance the flow-resistance, resulting to form the hump structure. This is understood like that, up to the saturation number of vortices, they form multi-vortex state pinned at Fig. 1 (b) as a function of magnetic field. Temperature is increased from 87.7 to 88.0 K from the bottom curve to the top. the anti-dots. However, exceeding the number, the next vortices come to the center of hexagonal anti-dots, become interstitial vortices and mobile, and these weekly pinned vortices enhance the flow-resistance [25] . The role of the interstitial vortices must be studied carefully from analytical thermodynamic calculations taking the interaction among the vortices and anti-dots into account.
To introducing anti-dots array into Bi-2212 is a challenging issue, as there have been few report except into YBa 2 Cu 3 O 7− . The diameter of the anti-dots for the measurements is about 300 nm, the pitch is 1.0 µm with a square lattice, and the matching field H 1 is about 23.9 Oe, as shown in the inset of Fig. 1 (b) . The results of the flow-resistance measurements are shown in Fig. 4 at the temperature from 87.7 to 88.0 K. At the matching field H 1 , the flow-resistance shows a dip structure as seen in low temperature superconducting film (Fig. 2 (a) and (b) ). As on the matching fields we have discussed in anti-dots array of NbN thin films, we focus on the fractional matching. The fractional matching effect can be more clearly observed than in NbN [26] . Experimentally, we obtained so far the fractional matching at 8/9, 6/7, 3/4, 2/3, 1/2, 1/3. 1/4, 1/7 and 1/9 of H 1 , which appears with different numbers in square and triangular array [27] . In the square array, we can observe the fractional matchings 8/9, 3/4, 2/3, 1/2, 1/3, 1/4 and 1/9 of H 1 as in Fig. 4 . The 1/3 and 2/3 of H 1 matchings are most remarkable, which correspond to match to the second nearest neighbor anti-dots. The fractional numbers of 1/2 and 1/4 are checker board patterns in the case of square array. For the configuration of the vorticies in the fractional matching, we have to calculate a free energy based on the Ginzburg-Landau theory including the interaction between/among vortices and between/among vortices and anti-dots potentials, and to get a minimum enrgy by theoretical simulations [28] . Another point of view to study vortex states in Bi-2212 with anti-dots array is that, in Bi-2212 pristine sample without anti-dots, as the FOT of VLM has been observed (which has also been confirmed in this experiment before the fabrication), it is very interesting to see what it will be happened in the presence of the anti-dots networks. Figure 5 shows resistance versus temperature at the fixed magnetic field from 0.5 to 50 Oe with an interval of 0.5 Oe, measured on the same sample of Fig. 4 . At the lowest magnetic field, the superconducting transition is relatively sharp, however, at the fractional matching fields, it becomes much sharper. At the matching fields, it is reduced again. To see more clearly, we plot it as 3D gradient map ( logR/ T ) in Fig. 6 . At the fractional matching fields, the steep step can be clearly observed.
VLM transition in 2D superconducting networks has been predicted theoretically by the MOnte-Carlo simulations with 2D-XY model [29] . With decreasing temperature in a finite low magnetic field, vortex state changes from an isotropic liquid to a floating solid, and, at lower temperature, it become a pinned solid state. However, it wa made in the case of dilute vortex distribution (H =1/49 H 1 ), compared with numbers of anti-dots. On the other hand, Dasgupta and Valls [30] have made a numerical minimization of free energy functional and have predicted the FOT and the critical point at higher magnetic fields than the matching field in highly anisotropic superconductors. This also can not be applicable to the fractional matching field range. Then, this experimentsl results may be considered as the commensurability between Abrikosov vortex lattice and the anti-dots arrays [31] . At the fractional matching (H ≡ H 1 ), and it may show the oscillatory behavior [32] of the melting transition depending on the commensurability. However, at the matching fields, which becomes commensurate (H=H 1 ), it may cause the floating solid to show a broad transition from a pinned solid to a floating solid-liquid .
Conclusion
We have fabricated anti-dots structure into low-and high T superconductors and have measured the flowresistance of vortices. We could produce a variety of vortex-matching effect; the usual and the fractional matching. In low-T superconductors of NbN, the usual matching effect shows "dips" in the flow-resistance at the matching field. However, multi-vortex state explains hardly at higher matching magnetic field. We have confirmed that interstitial vortices play an essential role to accommodate more vortices, as it was shown as "humps" at higher matching magnetic fields. In Bi-2212, the matching effect is closely related to the first-order transition of vortex lattice melting in the pristine samples in the presence of the anti-dots arrays, which may show a variety of vortex dynamics; commensurability between the Abrikosov vortex lattice and the anti-dots array, moving vortex lattice, the floating solid, etc.
